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This report covers work done during the period 1 March through 31 
August 1981 on two extensions of NASA Contract IMS8-33691. Section I» 
describes work done at SAO on the study of tether safety Issues. Section 
II, describes the work done at MIT studying the use of tethers for payload 
orbital transfer. 
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I. of Tethar Safety Imubs 


Ihia Motion p r eee n t e a aunBiy of work dona at SM) on the study 
of tether safety issues. Detailed results are pcaaented in the aonthly 
r^orts for the period March - july»1981. Ihe effort during this period 
has bean directed toward understmding the b^iavior of the tether 
after a failure at varioM distances f ron the Shuttle and after jaasing 
of the reel nechaniaa ^ing d^oyaent. Mialytic eqpcessiora derived 
under siiiJlifying aasua|>tions have been i»ed to eetlaate the asount 
of recoil of the wire after a bre^ as a function of the aysten parasi- 
eters. 

Since the first esqperiaent with the Shuttle aay be an electrof^nanics 
experiaent with a dnrt tetherr we have used the following test case 
for the studies. We asswe a 100 netric ton Shuttle in odnit at 220 km 
with a 300 kg siteatellite deployed ipward on a 10 ka tether 2 aa in 
diaaeter. The wire is represented by discrete naseen at 1 ka intervals. 
Initial conditions have been coaputed such that the systea is in equil- 
ibriuB. A break in the wire is siaulated by oaitting the ness points 
representing the subsatellite and the portion of the wire beyond the 
breM in the integration of the equations of aotion. Runs ha^ been 
done using 1, 2, and 5 of the Baseefi representing the wirer plus the 
aass representing the Shuttle. 

The case with only one wire aass can be described quite well without 
the me of nuaerical integration. Proa the tension in the wirer and 
the other paraaeters of the eystea we cm calculate the velocity with 
idiich the BBSS point will recoil. Assuaing that loss of tension between 
the wire aass point and the Shuttle occurs in a relatively short tlaer 
the initial position and velocity (consisting of the orbital velocity 
and the recoil velocity toward the Shuttle) can be used to calculate 
the new orbital eleaents for the wire aass point now orbits as a 
free particle. Proa theM orbital eleaentsr the cloMst approach to 
the Shuttle and the tiae of clOMSt approach and be calculated. A aaall 
cosputer prograa has been written using the analytic e^qaressions in 
order to do a paraaetric study f<x breaks at various positions along 
tethers of various lengths. A table of results obtained is given in the 
aonthly report for Junerl981. IWo features are apparent froa the table. 
Pirstf the aaowt of recoil is appcoxiaately inversely proportional to 
the length of the broken piece of irire. Seoondr the results scale with 
the len^ of the wire (assuning the tension is proportional to the 
length of the wire) . That isr if a 1 km piece of wire broken frcu a 10 
km wire recoils 11 aeterSf we can multiply all the nusbers by 10 and 
get the result that a 10 ka piece broken froa a 100 km wire recoils 
about 110 aeters. 







Tlie vxpcunLon for the recoil velocity Is interesting baoMae it 
turns out to be i n depe n de n t at length of the wire sejeent- repre- 
sented by the osn point, ihe mfpression is obtsined by setting the 
kinetic energy of the wire asso equal to tiie energy stored in the 
stretdied piece of wire. The nss of the wire point is the produd: of 
the wire density r. cross section^ and lengtii. The stiffineM of the wire 
sejant is the prod'> 2 t of the elssticityr cross sectionf and the 
inverse of tim length. Ferforaing the algebra gives the eipression 

V|. - X/Ail^ 

«diere v,. is the recoil velocity^ A is the wire cross section# a is 
the density# and E is the elasticity. The recoil can be redhicea by 
Baking the wire thicker# or using aaterials with a hig^ar densi^ or 
stiffness. This foraula was derived treating the wire as a single 
lta{>. Multi-aass runs are required to study the b^tavior of the wire 
in acsre detail. 

The fact that the length of the wire segaent does not appear in the 
mgression for the recoil veloci^ suggests the possibility that all 
parts of the wire recoil with the sane velocity. iRien a break occurs# 
the loss of tension will propagate doun the wire at the speed of sound 
idiich is given by the e^eression . For the paraeeters used in the 
siaulation this velocity is ifiout 5.3 kn/second. A run has been done 
with 5 wire aass points plus the Shuttle to see the bdiavior of the 
wire in more detail after a break.- Detailed results are preseited in 
the monthly r^rt for July#1981. The tension as a fwction of time is 
shown in Figure 2a. It tdces bbout 1 second foi the loss of tension to 
propagate down the 5 kn wire. After the initial loss of tension# the 
various sections go in and out of tension as seen in the latter part 
of the plot. All sections of the wire acquire a velocity toward the 
Shuttle of about 30 cm/sec exo^ for the point closest to the Shuttle. 
The briiavicu: of the last point is anonalous# preswably because of 
boundary effects. The wire dppears to move more or less as a unit 
after the break. 

Becaus e of the gradient of the gravitational and oentripital 
accelerations there is a stretching force acting on the wire. In a 
nm done with only two wire nass points# the two aasses moved toward 
each other in the initial contraction after the break until the 
stretching foro^ halted the motion and brought the masses back into 
tension. The lesaeB bounced back and forth from each other in a cyclic 
fashion during the rm. The run with five masses described previously 
exhibits the seme b^iavior in a more oosplicated fashion. Basically# 
the wire contracts after the break to approximately the na^al Im^ 
of the wire# and then the distances between mass points oscillate 
around the natural length with different sections going in and out of 
tension. The wire as a «rt»le moves toward the Shuttle with the recoil 
veloci^ given by the equatiem pcesmited earlier. 
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without • taoqphorlc dragr onrioUf focow omim tin «ir« to aovt 
fomozd idan tht wlco rtooili (fm: up«cd dap loapwt ) . fho cadiol vs 
in-plm b^Mvioc f or ths cun with f ivs wits sms poli^ plus 
Shuttle Is shoMn In Plqure 2d* fhe In-plme sotlon Is gceitly essggnciAed 
In tht plot. Buns have bean done tct 2 wire ness joints withr end 
without dreg to see iHnldi effect doalnetes In this particular oast, 
ihe notion without drag was about .9 setera forward tfter iO aacondSf 
and Wbout 2.8 natera to tha rear tdian drag waa ^eplledr Indicating that 
drag doalnatea by a few fac*:oc8 in tha cue. 

fwo runs have been dona to study tha behavior of the wire in the case 
ndiere tha reel jess during dqgJ.oa pant . Integrating the notion of only 
tha aiiieatelllte and the Shuttle with the wire oonaldered saiwiless 
gives a tension idiidi increases to a naxinun value and than falls to 
aero as tha avteatallite recoils toward the Shuttle. She tneak strength 
of the 2 aa kevlar wire wk not exceeded witii a 20 n^sec daplo^ant 
veloci^ and a 300 1^ adaeatellite. An analytic calculation liXMS a 
cloeest approadi of 5.5 kn to the Shuttle with tiie reel jan occurring 
at 10 ka froB the Shuttle. She run was rqieated adding 4 wire nera 
points. Details of this run are given in the nonthly report for Julyr 
1981. Tension variations fron 114 to 230 kg are seen along the wire 
as a result of the oscillations ca u sed by the reel janing. After the 
recoil^ the sections o£ wire renain out of tension. BxwinBtion of the 
velocities of the various nass points shows the recoil velocity to be 
roughly pcqportional to the distance from the Shuttle. The wire is 
therefwe oontinuirg to oontrart on itself in contrttt to the btfiavioc 
seen in a break idiere the wire recoils with a nearly unifoca velocity. 
More details of the reel jasnaiing case will be presented in the next 
nonthly report. 

The figures frcn Monthly Report No. 4 are dxwn in the following 
pages ae a susnary of the study of the cases of a broken wire and 
janning o£ the reel during dqgloynent. 
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Figure Captions 


Figure 1. Radial vs irrplane o c s pc w e nK ca) after a break 5 Icb froas 
the Shuttle plotted every second for the first 18 seconds* 


Figure 2. Sioulation of a break 5 kn frost the Shuttle plotted 
every .1 seconds. Fart a) is the tension(dynM) vs tiae(aoc). 
Fart b) is the radial vs in-plane ooaponent(cn). 


Figure 3. Notion of the wire after a break 5 kn frost the Shuttle* 
In part a) the initial value of the radial oosiponent for each aass 
has been subtracted frost the ouboeq ua nt values and the curves 
have been separated frost each other fay 100 cau Fart b) is th* 
Bcdified radial oosp on ent vs the in-plane coaponent* 


Figure 4. Notion in the radial direction after a break 5 kn frost 
the Shuttle* The values plotted were obtained by first aubtracting 
the initial value for each sstssr then sibtracting the values for 
a reference nass frost all the sassesr and finally aerating the 
curves fay 35 cm. In part a) the sixth nass is used as the originr 
and in b) the second mass is used as origin* 


Figure 5. Bdiavior of the wire after a break at 5 kn with the 
first *8 seconds excluded fron the plots. In part a) the value 
at *8 seconds is sibtracted front eecb pointr then the values for 
the second nass are subtracted fron each curver and finally the 
curves are separated by 2 on. ttte value of the sixth oonp on e n t 
uhich is anonstlous is essentially ignored by holding it fixed at 
the value of the separatiem ocsistant. Fart b) shows the tension vs 
tine after .8 seconds* 


Figure 6. Tmsion vs time after a reel jam %dth the sibsatellite 
at 10 km being d^oyed at 20 nv'sec. In part a) the mass of the 
tether is neglected. Fart b) shows the tension for each wire 
segment with wire masses every 2 km along the wire. 


5 . 




Figure 1 
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Figure 2a 
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II. The Use of Tethers for Payload Orbital Transfer 


Introduction 

During this first reporting period the work has centered on our first 
task namely f the selection of concepts for orbit transfer siissions which 
show promising improvements by the use of tethers. 

A preliminary look at the original MTPF concept (a Shuttle-based tether 
system flown to and from orbit in each Shuttle flight) indicated only margi- 
nal benefits. The alternative concept was then evolved of a free-flying 
tether system, deployed in a first flight, then left in orbit for docking 
with successive payload-carrying Shuttle flights. Significant payload in- 
creases %iere fotind if this device is used for LEO-GEO transfers, in a mode 
where the payload carries a propulsion stage (lUS or Centaur) for first 
AV assist and for the circularization AV in GEO. 

A more ambitious system was also examined in v^ich a second tethered 
system in GEO takes the role of providing the circularization step. Par- 
ticular attention was paid to the requirement that the transfer duration 
should be a rational fraction of one day, to provide additional encounters 
in case cf rendezvous failure. It was found that for most combinations of 
parameters, the length of the upper tether ranged around 10,000 Km, while 
the one in LEO was about 1,000 Km. Progressive addition of AV capabilities 
at the two ends of the transfer can, of course, reduce these lengths. 

Operational limitations based on minimum perigee height and maximum tether 
weight were studied. 
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A preliminary conclusion of this work has been that operating inodes 
nAiich combine tether assist with substantial rocket -derived velocity 
Increments can be of Jn^rtance in increasing the payload deliverable to 
high and geosynchronous orbits, or for escape. This capability nay be 
crucial for certain missions, such as the Galileo mission, which are at 
the edge of the Shuttle's capabilities. 

Single tether concepts for orbit transfer . 

Use of a tether facility as a permanent facility of the Shuttle does 
not appear justified for missions that fall within the operational envelope 
of the orbiter with its integral QMS tanks. This is because, even though 
the tether allows deployment of the payload from a lower Shuttle orbit 
(typically an elliptic one) , the payload cannot be increased due to other 
constraints, such as payload bay structural integrity and c.g. location. 

The only savings are then in the use of less OMS fuel, but these cannot 
balance the loss of revenue from the payload displaced by the tether itself. 
An exan^le is shown in Table 1: a 47 Ur tether allows payload to be placed 

in a 500/500 Km orbit from a Shuttle in a 185/453 Km orbit, with an OMS 
fuel savings of $33,000. However, the mass and length of the tether 
facility displaces payload worth $2.80 M. Similar results are shown for 
a polar orbit. 

There are some possible scenarios where a Shuttle based tether could 
be cost-effective. These refer to low Earth orbits high enough (particu- 
larly for polar orbits) that payload is limited by OMS fuel capacity, in- 
cluding extension kits. A trade-off study is planned to determine how 
far the operating envelope can be extended by a permanent Shuttle tether. 
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TABLE 1. 

COST TO LOW ENERGY MISSICH)** 


Weight of Payload (kg) 

Length of Payload (m) 

Diameter of Payload (m) 

Cost to current Shuttle ($M) 

Cost to Shuttle -t- Orbiter based 
tether system ($M) 

Lost revenue from displaced payload 

ONS fuel savings ($M) 

Benefit of using tether system ($N) 

** 

1) Cost per Shuttle flight <= $27.3 


Space Telescope 

Polar Orbit 

Orbit 500km/28.8* 

1000 Ua/97* 

11,000 

3,000 

13.1 

9.0 

4.26 


20.20 

23.07 

23.00 

29.8 

($M) -2.80 

-6.73 

(0.033) 

(0.083) 

-2.77 

-6.647 


at ETR 


$46.9 at WTR 

Elliptic shuttle orbit + tether transfer 
perigee altitude > 185 km 


2) 
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TABLE 2. 

PAYLOAD BENEFIT FOR GEOSYNCHRONOOS ORBIT TRANSFER* 


Tether length 
(km) 

0 

100 

200 

300 

400 


Payload Height 
(kg) 

2465 

3122 

3675 

4326 

5100 


Payload increase 
(%) 

18 

39 

63 

93 


* 

Calculation conditions: 

1. SHUTTLE -t- TvfO stage lUS 

Stage 1 2 

isp(sec) 291.9 289.7 

f stru. .946 .933 

WT prop. (kg) 9707 (2722) 

2. Parking orbit: 300/300 km 

3. Tether system dock with shuttle in parking orbit. 
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TMLE 3. 

PAYLOAD BENEFIT FOR SOLAR SYSTEM EXPLORATION** 


C3 

(km2/8ec2) 

Tether length 
(km) 

Injected use 
(kg) 

Increase 

(%) 

15 

0 

7693 



100 

8253 

7.2 


200 

8857 

15 


300 

9511 

23.6 

400 

400 

10219 

32.8 

80 

0 

2246 



100 

2413 

7.4 


200 

2589 

15.2 


300 

2771 

25.3 


400 

2963 

31.9 


** 

Calculation conditions : 

1. SHUTTLE CENTAUR 
Isp * 444 sec 

WT of propellant * 13608 kg 
Dry WT « 1827 kg 

2. Parking orbit: 300/300 kn 

3. Tether system dock with shuttle in parking orbit. 
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It appMra, honvvttr, that a nora afflclant ayataa would ba,in any 
caaa,ona whara tha tathar and ita and platfons would ba laft daployad 
in apaoa# to ba dockad with tha Shuttla aaeh tina. Iha Shuttla would 
transfar the payload (poaeibly with a tranafar pjropulaicm ataga attached) 
to tha tathar lower platfon: the payload would than nova to tha upper 
platform, ba ralaaaad,and tha Shuttla would than detach and raantar. 

Tha problem of ra-aatabliahing tha initial orbxt for the tathar haa to 
be examined in more depth) aome of the required propulaion could ba 
provided by the Shuttle itaalf, but tha fact that tha platform ataya in 
apace opana the poaaibility of uaing aubatantial amounta of high apacific 
ia^ulae electric propulaion in the procaaa. Thua, tha ayatam baconea a 
hybrid between the original TOTF (Tethered Orbital Tranafar Facility) 
and the MTPF (Nechaniaed Tether Platform Facility) concepta, with the 
platform maaa )>eing a parameter to be optimized. 

A preliminary examination of the performance gaina for this free- 
flying tether concept wae made, and la ahown in Tables 2 and 3. Particu- 
larly for transfer to geostationary orbits, large payload increases are 
shown to be possible with tether lengths not exceeding 400 K». Orbital 
perturbation during ascent (with the associated minimum perigee problem) 
and orbit reestablishment, as discussed, remain to be studied in more 
detail. 

Two-tether I,E0-GE0 systems . 

The principal interest in orbital transfer relates to low-to-geosyn- 
chronous cases. We considered t)te possibility of performing such trans- 
fers withiut any transfer propulsion, or with small AV*s at most. This 



ORIGINAL PAGE 18 
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r«qulr«t • t«th«r to b« attached to a low Barth orbiting platfon for 
ralaaaa into the transfer ellpse, and another tether attached to a geo- 
synchronous platfom, to acquire the payload and circularise its orbit. 



FIGURE 1. Geometry for a two-tether system. 
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The length H of the upper tether depend* only upon the period chosen 
for the orbit of the peylo* (after epplicaticn of an apogee velocity incre* 
ment . This is because two eleaents of that orbit are prescribed, 
namely, the seminajor axis (by the period) and the angular momentum (by the 
requirement that the angular velocity at apogee must equal that in the geo- 
synchronous orbit) . These conditions can h* ei^ressed as 

p . 2L ,!E 24 i^ 3/2 a, 


(%^ere R is the perigee of the orbit and the gravitational constant 
of Earth) and 

(apogee ) - (^ - g-f-g-) - (^)2 (2) 

where the subscript GS refers to the ^eosynclironous orbit. Using 


2 

V__ - U./R-_ , Eqs. (1) and (2) can be combined by elimination of , 

GS ® GS 

to give 


2 ( 0/ GS) 

3- ‘Vos” 





( 3 ) 


which can be solved for once is prescribed. The tether length 
follows then from 


H 


GS 


(4) 
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and the perigee Rp from 




- K 

GS Q 


( 5 ) 


The subscript 2 has been used so far to indicate conditions 
after application of . For the ascent orbit (before AV^) , the 
apogee velocity is 


V(apogecj^) » VCapogee^) - AV = AV 

^ GS ^ 


( 6 ) 


and Eq. (2) can be modified to calculate the perigee R_ of this 

1 

ascent orbit: 


"e ‘r- 


Q GS 




(7) 


Once Rp is so determined, the velocity at perigee can be e;tpressed 
^1 

(frcMD conservation of 2 uiguleu: momentiun) as 


!s. 




■"■i "S., '"*'”■1’ ■ s, 'gs 


(V. 


:s_. 


AV^) 


( 8 ) 


This velocity contains, in general, a propulsion-derived increment 
AVp , applied at or immediately after release. The velocity of the 
end of the low-Earth tether is therefore 


tether P. P 

end ^ 


( 9 ) 
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and the orbital velocity ^ of the platform at R^. 


(or, more precisely, of the orbital center of the tether -payload syston) 
is therefore 


C,LE 


^ - (V - dV ) 




( 10 ) 


from which can be calculated easily. Finally, the low-Earth tether 

length is 


*> • - 'li 


( 11 ) 


Fig. 2 and Table 4 show calculated results for the case of 
AVp * AVg *= 0. If we impose the requirement that, in case of docking 
failure, the payload and the lower platform of the GEO tether should 
rendezvous again after an integer number of orbits, then the period 
(T in Fig. 2) must be a rational fraction m/n of a day (m, n integers) . 
Thus, appropriate values of for low m eaid n, are 

1/3 day = 8 hr., 3/8 day = 9 hr. , 2/5 day ^ 9.6 hr., 1/2 day = 12 hr. 

As shown in Fig. 2, a period of 1/3 day iic^lies an upper tether 
length of over 10,000 Km, and a lower tether length of about 1200 Km 
from a low Eartdi v^rbit at 1200 Km as well. Increasing the period to 1/2 
day lowers the length of the upper tether to about 6000 Km but it also 
requires the low Earth orbit to be at some 9000 Km altitude, with a 


1600 Km tether. 
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3 

xt0 Orbit trariGfers froin LisO to GSO 



FIGURE 2. TWO-TETHER SYSTEM CHARACTERISTICS WITH AVp - AV^ - 0. 
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TABLE 4. TWO-TETHER SYSTEM CHARACTERISTICS WITH AVp - AV^ - 0. 


H= 

700.0.000 

T* 

10.77674 

Hl = 

1584.303 

HLE0= 

6402.393 

H= 

7250.000 

T= 

10.52514 

Hl = 

1561.823 

HLE0= 

5900.962 

H= 

7500.000 

T= 

10.28163 

Hl = 

1537.997 

HLE0= 

5419.849 

H= 

7750.000 

T= 

10.04582 

Hl = 

1513.000 

HLE0= 

4958.085 

H= 

8000.000 

T= 

9.817351 

Hl = 

1486.986 

HLE0= 

4514.776 

H= 

8250.000 

T= 

9.595901 

Hl = 

1460.100 

HLE0= 

4089.070 

H= 

8500.000 

T= 

9.381143 

Hl = 

1432.474 

HLE0= 

3680,165 

H= 

8750.000 

T= 

9.172782 

Hl = 

1404.236 

HLE0= 

3287,299 


9000.000 

T= 

8.970538 

Hl = 

1375.486 

HLE0= 

2909.765 

H= 

9250.000 

T= 

8.774145 

Hl = 

1346.331 

HLE0= 

2546,881 

H= 

9500.000 

T= 

8.583347 

Hl = 

1316,864 

HLE0= 

2198.010 

M= 

9750.000 

T= 

8.397913 

HI- 

1287.160 

HLE0= 

1862.546 

H~ 

10000.00 

T= 

8.217616 

Hl = 

1257.319 

HLE0= 

1539.918 

H= 

10250.00 

T= 

8.042239 

Hl = 

1227.390 

HLE0= 

1229.577 

H= 

10500.00 

T= 

7.871587 

Hl = 

1197.443 

HLE0= 

931.0140 

H= 

10750.00 

T= 

7.705462 

Hl- 

1167.537 

HLE0= 

643.7385 

H= 

11000.00 

T= 

7.543689 

IU = 

1137.726 

HLE0= 

367.2815 

H= 

11250.00 

T= 

7.386090 

Hl== 

1108.058 

HLE0= 

101.2060 

H= 

11500.00 

T= 

7.232506 

Hl = 

1078.576 

HLEO= 

-154.9055 


11750.00 

T= 

7.082776 

Hl = 

1049.318 

HLE0= 

-401 .457V. 

H- 

12000.00 


6.936757 

HI:. 

1020.325 

HLE0-- 

-638 . 8290 


NOTE; HI Is equivalent to h, which has previously been used. 
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For a constant >8tress tethar (stxass ■ a, density “ p) extending 
from r._ to R the area distribution is easily found to be 

XiE XiE 


3 T 1 

A(r) - r-j- _) 1 

^ 2r__ 

LE 

where A^, the thickest section, is found from equilibrium at the 
higher end, where a satellite of mass N is attached: 

SS V 


( 12 ) 


M (Ji-R.1L.) 
**sat' 3 " _2' 


^eP 3 R^ 1 
LE 


(13) 


Host of the tether mass is concentrated near the lower end, where 
a good approximation to Eq. (12) can be obtained by series expansion of 
the exponent 


*(t) =. «5.i - j- 


V 


r-r, 


or, 


M)2j 


LE LE 


(14) 


and this can be integrated to obtain an expression for the tether mass: 




3+36-fg^ 

(1+6)^ 


2 


Y 


Y e 


1+5/3 

1+6 

erf 


(Y) 


(15) 


where 


6 




(16) 


For 6 £ 0.2 , N/M ^ is seen to depend mostly on the nondlmensional 
sat 

group Y (Eq* (15) ) • 6 in the vicinity of 0.2 (h = 1350 km), the 

variation is shown in Table 5 below. 
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Table 5. Approximate tether mass 


y 

0 


0.2 

0.4 

C .6 

0.6 

■ 

1.2 

1.6 

2 

i 

2.5 

3 


0 





2.2148 

4.3293 

P .*>974 


147.59 

i 

1363.3 

1 ■ .1 

! 

16.888 j 


For Kevlar, Y ~ 10 (about 2 for H ■ 1200 xm) . Thus, for 

^LB 

payloads of the order of 10 Tonne, tmreasonably heavy tether lines are 
obtained. However, the esqponential nature of the M(h) function indicates 
rapid mass reductions if the lower tether length can be reduced by 
application of moderately small Av's. 

For the mass of the upper tether, Eqs. (15), (16) still applies if 
the sign of 5 is reversed; r__ is replaced by r__ and h is replaced by H. 
The effective new value of y is then of the order of I.!, which indicates 
a moderate tether mass, of the order of 8 times that of the payload itself. 
Thus, despite the much greater length of the GEO tether, it is the one in 
LEO that needs substantial reduction. 

The effect of introducing both perigee and apogee firings (AV^ and 
AVg, respectively) was next investigated. The results for a wide range of 
p 2 u:ameters are listed in Tables 6 through 9. For the cases of the 1/3 and 
1/2 day period, the results are also displayed graphically in Figs. 3 and 
4. The effects are generally as follows: 
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(a) Increasing at constant per'od increases the altitude of I£0« 
and decreases the lower tether length, h. 

(b) Increasing at constant period decreases the altitude of I£0. 

For low AVp, increases of result in a shorter lower tether, 

but the reverse is true at high values of 800 la/sec) . 

(c) As discussed before, the length H of the upper tether is unaffec- 
ted by either or ^'^qi l^ut is reduced if the period is allowed 
to increase. 

(d) For each treuisfer time and each value of AV^ , there is a maxi- 
mum AVg for which the lower Earth orbit becomes too low (a limit 
of 200 Km was assumed here) . Similarly, for each Av^, there is 
a minimum Av^ for the same reason. 

(e) The length of the lower tether can be reduced to zero by increasing 
AVp for each AV^ . The effect of AV^ on h is minor. 

As an exanple of a combination which could be useful, we see in Fig. 

4 that, from a 500 Km LE orbit, using a lower tether of length 390 Km and 

supplying a velocity increment AV_ » 1500 ^ — after release, a payload 

p sec 

cem be put into a tremsfer ellipse leading to capture by the lower ;nd of 
a GEO tether of 5913 Km length, if an apogee velocity increment 
AVg = 725 m/sec is applied prior to docking. If docking fails, anot^ier 
atten^t can be made after one day (two orbits of the payload) . Notice 
that for this lower tether length, its mass can be of the order of the 


payload mass. 



TABLE 6 


TRANSFER TO GEO BY TETHER. WITH AV*s SUPPLIED BY PR3PBLS1CTI 

Upper Tether Length: H “ 10,322 kn 


T - 1/3 day 


AVp 

0 

100 

150 

175 

200 

225 

b/s 


I 

J 

0 

121Sy^ 

.^138 

297 








300 

1035 

990 x^ 
>^49 

m 







600 

841 

>^515 

829 

y/blSi 







m 

900 

633 /^ 

>/780 

663 /^ 



ggj 



m 

1200 

412 

>d ^44 


• 500 
y/ivQ 

>/295 






1500 

m 

2^y^ 

>/ll 55 1 

325/^ 

>^5 

34 ^/ 

^y 

359/^ 

^/242 




m 

2000 

m/s 




y 

X 760 

^y »26 

im/ 

>^99 





KEY: Entries are: h(Kn) 


h * lower tether length 


Altitude of LEO (Kb) 



O TJ 

> o 
P m 


X - LTO altitude < 200 ka 
* ■ h negative 























KEY; Entries are: h(Ka) / Altitude of LEO (Ka) 


X - LEO Altitude < 200 Kb 
* ■ h negative 
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TAM.E 8. TRANSFER TO 
T - 2/5 day 


GEO 'BY TETHER. WITH AV*e SUPPLIE D BY PBOPULSKMI 

Upper Tether Length: H ” 8271 Kn 



KCT t Entries are h (kn) /Altitude of LEO 
= lower tether length 


X > LEO altitude < 200 Rn 
* > h negative 


h 
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KEY ; Entries are h(K») /Altitude of LEO (Km) 


X - LEO altitude < 200 Km 
* ■ h negative 
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FIGUBE 3 . . 


AVp_ . -Cid’ JBleose) m/stc 








Lower 4e+Vior Lcn^p^Vi h . (km) 
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• Orbital PTturbation* of th« MO platform 

In the calculations so far v«e have Isplicltly assumed very heavy 
platforms both in I£0 and in GEO. If the siass of the LEU platform is 
doednated by that of the Shuttle orblter (docked to a light free-flying 

tether facility, the ratio «piatform/*payload ^ 

(3tl for a 10 Tonne payload). Aie result may be an excessive lowering 
of the post-release Shuttle perigee. In this section we consider this 
effect, while still assuming a massive GEO platform. 

The new geostetrical arrangement for the lower tether is shown in 
Pig. 5. The orbital center is at . given by (Ref. 1) . 



istttcr en«l 


Ref. 1. Sttidy of Certain Launching Techniques Using Long Orbiting Tethers 
by Giuseppe Colombo. Final Report on qrant HAG-8008, from the 
SAO to NASA, Feb. 1981. 
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( 17 ) 


and is located at a distamce h' « - R from the transfer orbit 

1 ® 

perigee. Thus, h' replaces h and R^ replaces R^ in our previous 
analysis (Bqs. (10, (11) ). ^e new R^ trust be obtained from the 
explicit form of Eq. (17); for example, accounting only for two end 
masses (Fig. 5) , we have 


R 

c 


«LEO "l * N, ”2 


(18) 


which can be solved for 

The perigee of the post-release platform orbit can be calculated 
from Eq. (6) of Ref. 1, which for our case reads 




(19) 


The effect of this modification is to require a longer lower tether 
and to make high Av^ values unfeasible ^negative perigee) . As an 
exjuaple. Tables 10 and 11 show a comparison (for 1/3 day period) of 
two cases I one with a massive LEO platform (M^ = 5000 Tonne for M2*10 
Tonne) and the other with a light LEO platform (the Orbiter, 80 

Tonne;. In the first case, where only a slight perturbation is intro- 
duced to the orbit, a tether length h * 998 Km cem be used from a 521 Km 


orbit, which becomes a 521/511 orbit after release. Velocity 
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TABLE 10. PIATFCftl IN LEO 

Ml - 5,000,000 kg (pUtfow) 

M2 ■ 10,000 kg (satellite) 

P - 1/3 day H - 10,390 km 



perigee altitude (km) 
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TABLE 11. SHUTTLE IN LEO 


Ml • 80,000 kg (shuttle) 

M2 • 10,000 kg (satellite) 


P - 1/3 day 


H - 10,390 kn 



0 


100 200 300 a/s 



perigee 

altitude 

ne«»etlve 


Entries are 


h In kffl 
apogee altitude 
(km) 


perigee altitude (km) 
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increments Av^ « 300 m/sec. AV^ « 100 m/sec are required. In the case 
with the light platform, the AV^ » 100 is not allowable, and so, for 
AVp - 300 m/sec, only Av^ » 0 is possible. The result is a longer 
tether (1155 Kta) and a higher orbit (1291/656) . 

Work forecast . 

In the following period, we anticipate progress on the following 
points : 

(1) Completion of a trade-off study on the feaiih e extensions of 
the Shuttle mission envelope by an on-board tether system. 

(2) Construction of an operational map fc: the LEO-GEO two-tether 
system, including the bounds dictated by excessive tether 
mass and post-release perigee. 

(3) Initial definition of propulsion systems for restoring plat- 
form orbits. 



